The electrochemical reaction by applying an electrical bias between an atomic force microscope (AFM) tip and a substrate was used to directly fabricate desired copper patterns. The negative sample bias could strongly reduce copper at the point localized by an AFM tip but not oxidize silicon. The mixture solution of Cu(NO 3 2 and poly(sodium 4-styrenesulfonate) which are highly soluble in water was used to form a conductive copper ion film. The arrayed dots and line patterns were fabricated by electrical exposure at regular steps and continuous bias, respectively. This technique demonstrated the fabrication of copper patterns by using the electrochemical reduction by AFM lithography.
INTRODUCTION
Many researchers have investigated the direct-writing lithographic techniques using noble metals with maskless because the nano-scale fabrication of these materials has many significant issues including etching, deposition, and cost. The most demonstrated direct-writing nanostructures resulted from using an electron beam, [1] [2] [3] focused ion beam, 4 laser, 5 and UV 6 as the source to decompose molecules and the chemical vapor deposition (CVD) of organometallic precursors including noble metals, Cu, 1 Cd, 7 Ni, 8 Au, 9 W, 10 and Pd, 11 in a vacuum system. However, the expensive and complex equipment operating in high vacuum needs to be carefully handled with custom vacuum systems. 11 One of the nanofabrication technologies in a laboratory, atomic force microscope (AFM) lithographic technology has been introduced as an effective tool to fabricate nanostructures by the local anodic oxidation, [12] [13] [14] mechanical force, 15 electrochemical treatment on a self-assembled monolayer, 16 17 a delivery of organic molecules on a substrate in air, [18] [19] [20] and an electrochemical reduction on an ionic conducting film. 21 22 It can be easily applied to fabricate various devices in air and be somewhat free from * Author to whom correspondence should be addressed. environmental limits such as high vacuum, largely experimental space and high electrical source. In this work, both AFM lithography and the spin-coating method were utilized to directly deposit copper having a lower electrical resistivity and higher electromigration resistance in atmospheric conditions. 23 In particular, the highly soluble solution mixed with Cu(NO 3 2 and poly(sodium 4-styrenesulfonate) electrolyte in water was applied to easily form a conductive film, and clearly remove residual materials after lithography. This approach can be a relatively simple process to directly fabricate copper patterns and also can be applied to an interconnection in integrated circuits and the repair of a mask.
EXPERIMENTAL DETAILS
To form conductive film containing copper ions on a substrate, the metal ion complex composed of copper(II) nitrite (Cu(NO 3 2 · 3H 2 O, Aldrich Chemical Co.) and poly(sodium 4-styrenesulfonate) (PSS, Aldrich Chemical Co., 30 wt% solution in water) electrolyte was dissolved in deionized (DI) water and then this mixture solution was uniformly coated with the appropriate thickness ranging from 10 to 20 nm at the spin speed of 3000 to 5000 rpm for 30 sec onto a p-type (100) silicon substrate. A commercial AFM system (XE-100, Park Systems Co., Korea) was used for the analysis image of the pattern, the electrical lithography, and the measurement of I-V curves. The I-V characteristics of thin conductive film containing various concentrations of copper ions with the fixed other conditions was measured by applying a voltage sweep with the AFM system connected with a Keithley sourcemeter (Keithley 2400, Keithley Instruments Inc., USA). To induce the electrical reduction of copper ions on a substrate, the highly conductive Pt coated AFM tip (NSC 36 B, MikroMasch Co., USA) was used in contact mode lithography and it was hard to be corroded by an electrochemical reaction. A negative sample bias was applied on the substrate which metal ions would be reduced on. After electrical lithography, the residual film was removed except the expected copper patterns by DI water. The characterization of the formed copper patterns was carried out by both lateral force microscope (LFM) and field emission scanning electron microscopy (FE-SEM, Hitachi S4800, Japan) with an energy dispersive X-ray (EDX) for elemental analysis.
RESULTS AND DISCUSSION
When the copper-polymer complex of Cu(NO 3 2 and PSS highly soluble in water was spin-coated on a silicon substrate, it had the appropriate thickness of film containing enough metal ions to form metal structures. Also, the good coating morphology, which has an rms roughness of about 0.7 nm, could permit the fabrication of uniform patterns in air conditions. The fact that these materials have a high solubility in water is not only suitable for the environmental industry, but also can be helpful in easily removing the residual film, except the locally reduced copper patterns after AFM lithography. The negative sample bias applying electrons could strongly reduce copper ions and thermally decompose organic material 11 at the point localized by an AFM tip but not oxidize silicon. 24 When a negative bias was applied onto the conductive film containing the homogeneously distributed copper ions, the copper cations by an electrical current flowing from a substrate onto a conductive tip were collected with the nearest neighbors and then reduced toward the substrate. In particular, the PSS polyelectrolyte mixed with copper ions has the role to induce the transport of electrons and metal ions by electrical fields. In order to analyze the element contained in the fabricated pattern, the spectrum of EDX was used as shown in Figure 1 .
For the clear analysis of SEM and EDX the dull square pattern was roughly fabricated by raster lithography and had the thickness of about 250 nm with the size of 20 × 20 m 2 . The EDX elemental spectrum indicated the presence of copper atoms as shown in Figure 1(b) . The EDX elemental analysis gave the direct evidence of a pattern which was composed of copper. This spectrum includes an oxide signal caused by a little native SiO 2 , thickness of 2 nm. Additionally, it is possible that the fabricated copper patterns can be oxidized somewhat at atmosphere condition. 25 26 In order to confirm the effect of the concentration of copper ions, firstly, the I-V curves of a conductive copper ion film was measured by using an AFM and Keithley sourcemeter. When the positive tip bias was applied onto the film, the current increased with the increase of copper concentration of 0.35 M, 0.5 M and 1 M with the fixed 0.5 M PSS as shown in Figure 2 . This result shows that the higher amount of copper cations created the higher conductive film and electrically reacted with the greater amount of electrons to form copper patterns. Figure 3 shows the shape of the fabricated copper patterns depending on concentrations of copper ions in 0.25 M, 0.35 M and 0.5 M Cu(NO 3 2 with the fixed 0.5 M PSS. Each dot pattern was electrically exposed with −14 V DC sample bias for 2 sec under the relative humidity of 36% and 26 C. In the case of low copper concentration, the dot patterns were less uniformly and sparsely formed and, in the opposite case, fabricated as desired patterns as well as inaccurate lump-like structures agglomerated due to an oversupply of metal ions. According to this result, the concentration of copper ions is an important factor to decide the shape of patterns. 27 The copper patterns of the line shape with the height of 7 nm were created by the connection of dot patterns with the diameter of 260 nm and the interdistance of 250 nm as shown in Figure 4 . The line patterns connected with regular dots could be formed if the interdistance between dots is shorter than the diameter of the dots.
RESEARCH ARTICLE
Continuous line patterns were formed at the slow speeds of 0.01 m/sec and 0.02 m/sec with a −16 V DC sample bias at the relative humidity of 60% and 25 C as shown in Figure 5 . This lithographic speed for fabricating a line pattern was considered from the lithographic time taking to hold at a point for fabricating a dot pattern. In the case of the lower speed of 0.1 m/sec, the line pattern was widely and highly fabricated comparing with the speed of 0.2 m/sec. It was caused by the greater electrochemical reduction. The lateral force microscope (LFM) image shows the clear difference of two areas, a copper line and the other surface. The LFM image and the low surface rms roughness below 0.5 nm show that the other areas except copper patterns were clearly removed. We demonstrated that direct electrochemical AFM lithography and the coating method using the mixture containing copper ions and polyelectrolyte are effective to directly fabricate desired copper patterns. 
CONCLUSION
In conclusion, we demonstrated the direct electrochemical nanofabrication of copper on a silicon substrate by using a conductive AFM tip and copper ions film, spin-coated by the mixture solution of Cu(NO 3 2 and PSS, which are highly soluble in water. The arrayed dots and line patterns were fabricated by applying the negative sample bias on the film with the appropriate concentration of a copper ion. One of the advantages is that the unreduced residual film was easily removed by DI water except the formed copper patterns. This technique will be an easier method using AFM lithography for local metal deposition in atmospheric condition. Therefore, it can be applied to locally repair a mask and circuit as well as fabricate a nanodevice.
